Pichia anomala WC 65 secretes a toxin that is inhibitory to a variety of yeasts, including strains of the animal pathogen Candida albicans. The toxin was purified to homogeneity by ultrafiltration, ethanol precipitation, ion-exchange chromatography with a Mono Q column, and gel permeation chromatography with a Superose 12 column. The toxin had a molecular weight of 83,300 as determined by electrophoresis on sodium dodecyl sulfate-polyacrylamide gradient gels and a molecular weight of 85,290 as determined by gel permeation chromatography. The isoelectric point of the toxin was pH 5.0. The toxin was stable between pH 2.0 and 5.0. Chemical analysis of the purified toxin indicated that the toxin was a glycoprotein composed of about 86% protein and 14% carbohydrate. At high concentrations, the toxin showed a tendency to aggregate, with loss of biological activity against C. albicans, Pichia bimundalis, and Saccharomycodes ludwigii. Purified toxin expressed killing activity against C. albicans in contrast to the static activity of the crude toxin.
Interest in the purification of killer toxins of yeasts is prompted by potential medical and industrial applications (9, 19, 26) . Although killer phenotypes have been reported for strains of the genera Saccharomyces, Candida, Cryptococcus, Debaryomyces, Hansenula, Kluyveromyces, Pichia, and Torulopsis (15, 22, 25) , killer toxins of only three isolates of Saccharomyces cerevisiae (12) (13) (14) 28) , one isolate each of Kluyveromyces lactis (21, 23) , Hansenula mrakii (1), Hansenula saturnus (11) , and Pichia kluyveri (10) , and two halophilic isolates of Hansenula anomala (8) have been purified. Extensive studies in purification and characterization of killer toxins have been accomplished only with toxins of Saccharomyces cerevisiae (26, 28) . The toxins from yeasts in different genera have been diverse in their chemical and physical properties, genetic determinants, and killer activity spectra. The toxins of Pichia (Hansenula) spp. are broad spectrum with intergeneric activity, and they are relatively stable in comparison to toxins of Saccharomyces spp. (26) . We have previously reported the production by Pichia anomala WC 65 of an extracellular toxin that exhibits activity against a variety of yeasts, including Candida albicans (17) . In this paper we describe the purification and characterization of this novel toxin.
MATERIALS AND METHODS
Cultures and media. P. anomala WC 65 and the sensitive yeasts C. albicans RC1, C. albicans 30, C. albicans 87-1, Saccharomycodes ludwigii CBS 821, and Pichia bimundalis were from the Georgia State University Culture Collection. All yeasts were maintained on Sabouraud dextrose agar (Difco Laboratories, Detroit, Mich.).
Toxin assay. Toxin activity against C. albicans was determined at each purification step quantitatively by the growth rate reduction assay described previously (17) and qualitatively by the well assay of Sommers and Bevan (20) .
Crude toxin preparation. P. anomala WC 65 was grown in Sabouraud broth in five 4-liter Erlenmeyer flasks with a 2-liter working volume on a rotary shaker (250 rpm) at 28°C to a point when a 10-times-diluted culture had an optical density of 0.2 at 600 nm. The culture broth was separated * Corresponding author. from cells by ultrafiltration through a 100,000-Mr-cutoff Pellicon cassette (type PTHK; Millipore Corp., Bedford, Mass.) in a Pellicon high-performance ultrafiltration system (Millipore) at a flow rate of about 140 ml/min. The filtrate was then concentrated 50 x by ultrafiltration through a 10,000-Mr-cutoff cassette (type PTGC; Millipore).
Toxin purification. The following four steps were performed at about 4°C.
(i) Ethanol precipitation. The crude toxin preparation was brought to 30% (vol/vol) ethanol by the dropwise addition of cold 96% ethanol with constant stirring. After 2 h, the precipitate was removed by centrifugation at 10,000 rpm for 30 min. The precipitate was dissolved in 20 mM piperazine buffer (pH 5.0).
(ii) Anion-exchange chromatography. The above preparation (i) was filter sterilized through a 22-,um-pore-size Millex-GS filter (Millipore), applied to a FPLC Mono Q HR 10/10 column (Pharmacia Fine Chemicals AB, Uppsala, Sweden), and washed with 40 ml of sterile 20 mM piperazine buffer (pH 5.0). A linear NaCl gradient from 0 to 1 M was applied over 80 ml to the column at a flow rate of 1 (7) . Molecular marker proteins (molecular weights) were as follows: phosphorylase B (94,000), bovine serum albumin (67,000), ovalbumin (43,000), carbonic anhydrase (30,000), soybean trypsin inhibitor (20,000), and alpha-lactalbumin (14,000). Gels were scanned with an Ultroscan XL enhanced laser densitometer (LKB, Bromma, Sweden), and data were analyzed by Gelscan XL (LKB Produkter AB, Bromma, Sweden). Gels were stained also for glycoproteins with dansyl hydrazine by the method of Gander (6) and by the periodic acid-Schiff tnethod of Zaccharius et al. (27) . also resulted in decreased specific activity. The toxin could not be resolved on a Phenyl-Superose column. However, the toxin was partially purified on a Mono Q column (Fig. 1A) . The toxin did not bind to the column. It was eluted in a peak that contained only 15% of the total proteins even before the gradient was applied. No toxin was detected in the peaks eluted in the gradient. The fractions showing activity from the Mono Q column were pooled together, concentrated by ethanol precipitation, suspended in 0.1 M citrate-phosphate buffer, and run on a Superose 12 column (Fig. 1B) . One peak (7.3 ml) was eluted within the void volume (8.2 ml), indicating that a molecular species above 300,000 was present even though a 100,000-Mr-cutoff membrane had been used for initial concentration of the culture supernatant. The peaks at 7.3 and 21 ml showed no anti-Candida activity, whereas the peak at 18.82 ml showed activity against C. albicans RC 1, S. ludwigii CBS 821, and P. bimundalis WC 38. A fivefold increase in the concentration of the sample applied to the Superose 12 column changed the elution profile. The molecular species above Mr 300,000 (7.3 ml) exhibited a considerable increase, and the toxin peak (18.82 ml) disappeared (Fig. 1C) . The peak with a retention volume of 7.3 ml lacked anti-Candida activity. Addition of the dipolar ionic detergent taurine (4%) to the eluent to alleviate molecular aggregation did not change the elution profile. The molecular species above Mr 300,000 was diluted fivefold during elution. When this diluted eluate was reapplied to the column, a peak with a retention volume of 18.82 ml that gave anti-Candida activity was obtained (Fig. 1D) . The partition coefficient (a) of the toxin (18.82 ml) was 0.632. The peak with a retention volume of 18.82 ml was toxic for C. albicans (Fig. 2) . The fraction at 18.82 ml from the Superose 12 column resolved on SDS gels accepted silver stain (glycoproteins) (Fig. 3A) as well as periodic acid-Schiff stain (carbohydrates) and dansyl hydrazine (carbohydrates) (Fig. 3B) , indicating glycoproteins. There was no staining of any of the preparations with Coomassie blue. Densitometric tracings with an enhanced laser densitometer of the SDS-polyacrylamide gradient gels confirmed the purity of the toxin (Fig. 4) . Only negligible amounts of proteins could be detected by the Bio-Rad protein assay procedure. The same samples showed almost 250-fold more protein by the UV absorption method. 
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SAWANT ET AL. Moreover, a threefold-higher concentration of protein was found with the BCA procedure in comparison to the UVabsorption method. The purified toxin contained about 86% protein (BCA assay) and 14% carbohydrate ( Table 1) . Molecular weight determination. Our preliminary analyses with homogeneous gels gave inconsistent migrations of the toxin as compared with a gradient gel. Voyles and Moskowitz (24) reported that glycoproteins were more free of anomalous behavior and subject to more accurate molecular weight determinations with gradient gels as compared with homogeneous gels. The molecular weight of the purified toxin determined by SDS-polyacrylamide gradient gel electrophoresis and densitometeric tracing was 83,300 (Fig. 5 ). This molecular weight was in good agreement with the molecular weight of 85,290 obtained by gel permeation chromatography (data not shown). The molecular species above Mr 300,000 (eluted in the void volume of the Superose 12 column) migrated identically to the toxin (Mr 83,300).
Isoelectric point. The toxin focused between 3-lactoglobulin (pI 5.20) and soybean trypsin inhibitor (pl 4.55) onPhastgel IEF 3-9. The pl determined by densitometeric tracing of isoelectric focusing gels with the toxin and standards was 5.08 (Fig. 6) . The toxin was stable after 18 h at 4°C within the pH range of 2.0 to 5.0. At pH 5.5, activity was decreased, and at pH 6.0 the toxin was inactivated.
Molar extinction coefficient. The toxin showed an absorption maximum (229.5 nm) in the region of maximal absorption by the peptide bond. Very little absorption was observed in the region of maximal absorption (280 nm) by aromatic amino acids. The molar extinction coefficient at 229.5 nm on the basis of protein concentration (BCA assay) was 24.56 x 10' M'-cm-1, and that at 275.5 nm was 3.05 x 104 M-1 cm-'. The extinction coefficient of a 1% protein solution of the purified toxin (E19) at 229.5 was 29.49 cm2 g1, and that at 275.5 nm was 3.66 cm2 g-.
DISCUSSION
The biochemical nature of killer toxins has posed certain difficulties during their purification. For example, the killer toxin of S. cerevisiae exhibited a tendency to be adsorbed by Sephadex (25) , and it was not resolved with Sepharose 4B (2) . Further, the killer toxins of S. cerevisiae (25) and of Torulopsis glabrata (4) showed a tendency to aggregate, resulting in only partial purification of these toxins. We also had observed several apparently anomalous phenomena with the killer toxin of P. anomala: a decrease in toxin activity in culture filtrates concentrated greater than 5Ox, decrease in toxin activity in the late-exponential and stationary growth stages of P. anomala, and a static rather than killing effect of the crude concentrated toxin on C. albicans (17) . These anomalies may be attributed to the toxin being a glycoprotein. The elution profile of the concentrated toxin was characterized by a shift in peaks and loss of biologic activity. Since active toxin and reoccurrence of the toxin peak were obtainable with simple dilution, increased concentration apparently aggregated the toxin molecule. Aggregation was indicated also by irregular yields during purification (Table 1) . Irregular recoveries were noted for the glycoprotein toxin of K. lactis (23) . Comigration of a molecular species greater than Mr 300,000 with the toxin (Mr 83,300) on SDS-polyacrylamide gels and appearance of molecular species greater than Mr 300,000 when a 100,000-Mr-cutoff Pellicon cassette was used for the initial concentration of the culture filtrate further indicated aggregation. Toxin aggregates lost activity, possibly because of the blocking of receptor recognition sites, the presence of which has been reported on sensitive yeasts (3, 17, 18) . Concentrations of toxin that killed C. albicans were achievable when the large number of contaminating glycoproteins and carbohydrates in the concentrated culture supernatants (which apparently contributed to the aggregation phenomenon) were eliminated. The inability to resolve the toxin on a hydrophobic column, the failure of the proteins in electrophoresis gels to accept Coomassie blue, and the failure to detect the toxin protein by the Bio-Rad dye-binding procedure indicates either that the hydrophobic sites in the tertiary structure of the glycoprotein were masked by the carbohydrate moiety or that there were almost no hydrophobic sites. The absorbance data, very little absorption at 280 nm, suggested that the second possibility was true. The molecular weight of P. anomala WC 65 toxin (Mr 83,300) was significantly larger than other glycoprotein toxins reported for P. kluyveri (Mr 19,000) (10) and S. cerevisiae K1 toxin (Mr 16,000) (13, 14) . The P. anomala WC 65 toxin was also larger than other polypeptide killer toxins reported for Hansenula mrakii (Mr 8,900) (1), H. saturnus (Mr $,500) (11) , and S. cerevisiae K1 toxin (M, 20 (21) , and the halophilic toxin of H. anomala (Mr ca. 300,000) (8) are larger. This last glycoprotein toxin was purified from two halophilic isolates of H. anomala. This toxin was active (only in the presence of sodium chloride) against Zygosaccharomyces rouxii (8) . Whether these large, halophilic toxins are active against C. albicans is not known. The possible secretion of multiple toxins by yeasts was suggested earlier (16, 17) ; however, we could not confirm our earlier supposition that P. anomala WC 65 produces more than one toxin. Rather, the aggregation of the single toxin altered the spectrum of activity. The broad intergeneric activity of the glycoprotein toxin of P. anomala, particularly its killing activity against C. albicans, suggests evaluation of its chemotherapeutic potential.
